Mycobacterium abscessus (Mab) is a biofilm-forming, multi-drug resistant, non-tuberculous 10 mycobacterial (NTM) pathogen increasingly found in Cystic Fibrosis patients. Antibiotic 11 treatment for these infections is often unsuccessful, partly due to Mab's high intrinsic antibiotic 12 resistance. It is not clear whether antibiotic tolerance caused by biofilm formation also 13 contributes to poor treatment outcomes. We studied the surface glycolipids and antibiotic 14 tolerance of Mab biofilms grown in Artificial Cystic Fibrosis Sputum media in order to determine 15 how they are affected by nutrient conditions that closely mimic infection. We found that Mab 16 biofilms grown in ACFS display more of the virulence lipid trehalose dimycolate than biofilms 17 grown in standard lab media. Biofilms in ACFS media also afford more protection against 18 clinically important antibiotics than biofilms grown in lab media. These results indicate that Mab 19 cell physiology in biofilms depends on environmental factors, and that nutrient conditions found 20 within Cystic Fibrosis infections could contribute to both increased virulence and antibiotic 21
Introduction 23
Infections caused by Non-Tuberculous Mycobacteria (NTM) are on the rise across the globe (1-24 3). Mycobacterium abscessus (Mab) is a highly antibiotic-resistant NTM that causes soft tissue 25 infections and is an increasingly common respiratory pathogen in Cystic Fibrosis (CF) patients(4-6). While most NTM infections are believed to be contracted through environmental 27 exposure, Mab has recently been shown to be transmitted between CF patients, probably by 28 fomites (7). Unfortunately, Mab infections in CF patients are very difficult to treat, and there are 29 no standardized treatment regimens. Treatment usually involves some combination of 30 clarithromycin, amikacin, imipenem, cefoxitin and/ or linezolid (8). Infection clearance after up to 31 3 years of antibiotic treatment is achieved in only 10-55% of patients (8). This level of treatment 32 failure is likely partly due to intrinsic antibiotic resistance (9-11); however, antibiotic tolerance 33 may also play a role (12), though the environmental conditions that may induce tolerance in this 34 organism are poorly understood. 35
36
The pathophysiology of Mab infection in the CF lung has scarcely been studied, but one 37 pathology study of explanted lungs from CF patients showed Mab aggregates that appear to be 38 forming a biofilm around the alveoli (13). Biofilms are bacterial communities that, in many 39 species are held together by exopolysaccharides (14). Mycobacterial biofilms appear to depend 40 conditions, cells in biofilm were less likely than planktonic cells to express significant eGFP 129 upon induction, compared to the constitutive Tag-RFP (Fig. 3B ). This shows that biofilm cells 130 are either less permeable to the inducer, or are less transcriptionally and translationally active 131 than planktonic cells in the same culture well, or both. These data also validate our method of 132 separating planktonic cells from biofilm cells, by showing separated cell types are 133 physiologically distinct in all three media types. 134
135
We hypothesized that the difference in biofilm structure and texture might be due to differences 136 in various glycolipids produced during biofilm development in the different media types. We 137 extracted surface glycolipids from mature biofilms grown in all three media conditions and 138 separated them by thin layer chromatography (TLC). TLC analysis showed that GPLs are 139 present in all conditions, as expected for smooth Mab strains (Fig. 4A,C) . However, we 140 observed two major lipid species found in the ACFS biofilms that were not present in either the 141 planktonic cultures nor in biofilms grown in HdB or 7H9 (Fig. 4AB,D) . Based on previous GPL 142 analysis (24), the purple spot near the top (Fig. 4A, spot b) is an unidentified wax, while the 143 dark purple spot at the bottom (Fig. 4A, spot d) is trehalose dimycolate (TDM). We observe a 144 statistically significant increase in the wax species in ACFS (Fig. 4B) . The levels of GPLs 145 appear to be similar on the TLC, and we don't see significant differences by quantifying the 146 spots (Fig. 4A,C) . The purple TDM spot, d, looks significantly brighter in the TLC, but because it 147 overlaps with lower GPL species, we were not able to show a significant difference by 148 quantification (Fig. 4A,D) . These data show that media conditions affect the surface glycolipid 149 expression of Mab and that biofilms in ACFS media have higher levels of wax and TDM, a 150 glycolipid that is a virulence factor in Mtb infections (22 We then measured survival over time and found that the tolerance of all cells increased in older 159 biofilms, likely due to nutrient depletion of the media (Fig. 5A ). 6-day old biofilms had higher 160 tolerance compared to the planktonic cells in the same well at both 24 and 48 hours of 161 treatment (Fig. 5B ). From this, we conclude that at 6 days the biofilms in our assays are mature 162 enough to substantially protect cells against antibiotics. Based on these results, we conducted 163 all subsequent biofilm assays with 6 day old biofilms. 164
165
In order to determine how media type affects the tolerance of Mab biofilms to clinically used 166 antibiotics, we treated 6-day old biofilms grown in different media types with varying 167 concentrations of the clinically used antibiotics amikacin, clarithromycin and cefoxitin, and then 168 plated both the biofilm and planktonic cells at 48 hours after treatment. We found that amikacin 169 consistently killed planktonic cells at nearly an order of magnitude more than the biofilm cells 170 from the same well, across media types. With clarithromycin and cefoxitin treatment, however, 171
we saw much more variability in antibiotic tolerance across media types. With both these 172 antibiotics, biofilm cells were only slightly more tolerant than planktonic cells in both 7H9 and 173
HdB, while biofilm cells were much more tolerant in ACFS. Clarithromycin was the only drug 174 that was able to kill biofilm cells at concentrations below 50 µg/ml, and this only occurred in 175 ACFS media (Fig. 6 ). These data indicate that media conditions have a substantial impact on 176 aspects of biofilm physiology that control antibiotic tolerance. More specifically, these data show 177 that the biofilm itself yields more protection against clarithromycin and cefoxitin in ACFS media, 178 while tolerance is due to non-biofilm causes in 7H9 and HdB media. (Fig. 2, Fig.4, Fig.6 ). The fact that such differences can 201 be seen even between in vitro media conditions shows that Mab biofilm physiology is 202 responsive to environmental conditions. We hypothesize that Mab physiology in HdB and 7H9 203 media is unlikely to represent its physiology during infection. 204
205
While all experiments herein were performed with the smooth Mab, which produces 206 glycopeptidolipids (GPLs), we observed differences in the appearance of the biofilms that 207 formed in the different media types. The biofilms in both HdB and 7H9 appeared dry, flat and 208 flaky, while the biofilms that formed in the ACFS media looked wet and appeared to form cords 209 at early stages and tendrils later on (Fig. 2) . These differences could be merely due to the 210 chemical and viscosity differences between the media types, or they could be due to changes in 211 Mab cell physiology in the different media types. We profiled the surface glycolipids and 212 antibiotic sensitivity of cells in these different biofilms, and found that cells in ACFS biofilms are 213 physiologically distinct: they display more trehalose dimycolate and a non-polar wax species 214 than biofilms in 7H9 and HdB (Fig. 4) and they exhibit more relative antibiotic tolerance 215 compared to planktonic cells (Fig. 6) . 216 217 Because nutrient availability affects the physiology of cells within a biofilm, we sought to develop 218 methods that would allow us to disentangle responses to nutrients from responses to biofilm 219 formation. Other groups solved this problem by moving biofilms to fresh media each day (12, 220 19). We assumed that nutrients would not be unlimited during infection, and so worked to 221 assess biofilm physiology in nutrient-limited culture. First, we profiled the development of Mab 222 biofilms in the three media types to identify the time at which nutrients became limiting in each 223 media type. The number of cells in the biofilm peaked by 6 days of static incubation in closed 224 culture wells in all three media types (Fig. 2) , so we did subsequent assays on 6-day old 225 biofilms. In order to control for the well-known effects of nutrient limitation on antibiotic tolerance 226 (39), we compared biofilm and planktonic cells from the same culture wells. These cells are 227 sharing the same depleted nutrients, so differences in physiology should be due to association 228 with the biofilm. We found that association with biofilms is protective against amikacin treatment 229 in all media types, but that sensitivity to clarithromycin and cefoxitin was variable (Fig.6) . While 230 we observed considerable antibiotic tolerance in 7H9 and HdB against clarithromycin andcefoxitin, the degree of tolerance does not differ very much between the planktonic and biofilm 232 associated cells (Fig. 6B,C) . This implies that antibiotic tolerance in these media conditions is 233 due to some other environmental factor, such as nutrient depletion, rather than due to the 234 protection of the biofilm itself. 235
236
A previous study examined the antibiotic tolerance of smooth Mab biofilms in nutrient-replete 237 7H9 and found only three to four-fold increases in tolerance due to biofilm association (19). 
Materials and Methods 248
Media and culture conditions. All M. abscessus ATCC19977 cultures were started in 7H9 249 (Becton-Dickinson, Frankin Lakes, NJ) media with 5 g/l bovine serum albumin, 2g/l dextrose, 250 0.85 g/l NaCl, 0.003 g/l catalase, 0.2% glycerol and 0.05% Tween80 and shaken overnight at 251 37C until in log phase. All Mab CFUs were performed by plating serial dilutions on LB Lennox 252 agar. Three media types varying in nutrient richness were used for all biofilm assays: tween80 253
was not added to any media for biofilm assay. Hartmans de Bont (HdB) Minimal Media was 254 made as described (40) 7H9 for biofilms was made as above, without the tween80. Artificial 255
Cystic Fibrosis Sputum (ACFS) media was made as described (41), except amino acids wereadded separately, amino acids stocks for ACFS media were prepared as previously described 257 (27). 
